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dominate 'in the forward scatter direction and is controlled by
the larAe scale slope distribution of the ocean) and the slope av-
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rec on and is controlled by the height spectrum of the ocean).

In general, there are three basic scattering mechanisms that
contribute to the total signature as the radar system traverses
the ship target. These are the direct back-scattered signal from
the sea surface (the so-called clutter component), the ship-sea
double-bounce interaction term, and the signature scattered by the
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used to illustrate the effect of the aspect angle of the trajectory,
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CHAPTER I
INTRODUCTION

When an antenna is transmitting or receiving in the vicinity
of the sea surface, the desired signal is usually contaminated by
the presence of signal components that have been scattered from
the sea. This form of interference generally degrades system per-
formance unless the system can be designed to take advantage of
any differences between the proper-ties of the sea-scattered and
the desired signals. The desired signal, in this study, is the
radar return due to the presence of a ship. In order to determine
the characteristics of this signal and to obtain a better under-
standing of the sea and ship scattering mechanisms, we have chosen
to study the scattered signals through the use of a mathematical
model. Such a model should be complex enouqh to realistically re-
produce all the significant features of the real situation, while
iemaininq computationally tractahle. The basic form of the model
developed here is illustrated in Figure I where the ship is modelled
by a pair of elliptic cylinders which are taken to represent the
ship's hull and superstructure. Although this structure is rela-
tively simple, the model has the potential of handlinq considerably
more complex structural features without any fundamental change
in the computational process. Also in Figure 1 the actual sea surface
is replaced, in +he model, by a set of square patches which divides
area illuminated by the antenna into sub-areas.

L. -ANTENNA

SHIP

,SUBDIVIDED
SQUARE PATCHES

Figure 1. Basic ship-sea model.



As the radar systvii traverses the ship target, a signature
(typicaily the detector volta qe versus t imew) is qenerated. There
are general ly three principal contribut Ions to the total slqnature.
The first of these is the direct backscattered siqnal from the sea
surface, usually referred to as the sea clutter siqnal. The second
Is the "double-bounce" corner term formed by any scatterinq path
from transmitter to sea surface to ship and back to receiver (and
vice versal. The third type of contribution is the scattered signal
from the ship alone, predominantly due to reflection and diffraction
from the ship's surfaces and edqes. The object of the work reported
here is the prediction of these three principal signatures. They
will he analyed by two separate techniques, namely the statisti-
cally rouoih surface theories for the sea scattering, and the Geo-
metrical Theory of Diffraction (GTD) for the ship scattering.

The calculation of scatterinq of the electromaqnetic field
by the sea su|rface, which includes hoth forward and back scattfrinq,
is itself based on a model, in this case the "composite" model-,
in which a slightly rotqh surface is superimposed on a larger scale
structure. Perturbation theory is used to find the Bragq scatter
from the small scale structure, and the methods of Geometrical Optics
are enployed for scatterinq from the large scale (gravity wave)
structure. The scattered fields are then formulated in terms of
the histatic radar cross section of each patch, as computed by the
above two statistical rough surface theories. Chapter IV discusses
the characteristics of the sea surface scattering in more detail.

Both the Physical Optics method and the Geometrical Theory
of Diffraction (GTD) have been investigated for the calculation
of the electromaqnetic scatterinq from the ship. It was found that
the GTD is not only more effective in computinq the scattering from
such objects as elliptic cylinders, plates, rectanqular blocks,
etc., but also Mllows one to gain more physical insight into the
various scattering and diffraction mechanisms involved. Therefore
the method of GTD, which is described in Chapter III. was chosen
to formulate the problem of scatterinq from the ship.

Finally. in order to determine the double-hounce ship-sea Inter-
action term, we have a(lain used the GTO), in which the sea-scattered
fields from each patch are represented as a new source. To carry
out this procedure, it is essential to locate accurately the re-
flertion point on the surface of the ship's hull. Since huqe num-
hers of patches miqht he involved if the area illuminated by the an-
tenna is larqe, a qreat deal of time could he spent in just com-
put ina the reflection points. For this reason, a very efficient
nutmerical search technique is developed to track the reflection
point as the source moves from one sub-area to another. Chapter
V has a detailed discussion of this technique.

L .-I



The combined signatures for the complete model are considered
in Chapter VII. In this chapter the hull form is changed from an
elliptic cylinder to an elliptic cone so that the geometrical shape
of the ship is physically more realistic. Also in the same chapter,
the antenna pattern is modified from a pencil beam to a conical
beam, so the effects of different antenna patterns on the signatures
can be analyzed. In the concluding chapter, the general problem
of detectability of a ship target in clutter, and some directions
for further study are considered.

3



CHAPTER II
THE THREE DIMENSIONAL SIMPLIFIED SHIP-SEA MODEL

It is the purpose of this chapter to give a basic geometrical
description of the simplified ship-sea model. In this model, the
radar system is represented by a transmit/receive antenna of speci-
fied pattern, moving along a specified straight-line trajectory.
Because the interest is in radar wavelengths much smaller than the
characteristic dimensions of the ship, and in trajectories which
transmit at relatively short ranqe, the problem is formulated here
in terms of the Geometrical Theory of Diffraction. The ship, as
shown in Figure ?, is first modelled by a single elliptic cylinder

.........

Figure 2. Simplified models of the ship's hull
and superstructure.
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representing the hull. Later on a smaller elliptic cylinder is
added to the top to simulate the superstructure; and, finally, the
ship's hull is modified to have the shape of an elliptic cone. Since
the elliptic cylinders are three dimensional structures, a 3-D anal-
ysis is necessary.

The basic geometry for the ship-sea interaction calculation
is shown in Figure 3, in which the antenna is traveling in an ar-
bitrary direction A with its main beam axis (bore-sight) pointed
in the direction B and is illuminating the sea surface over an ef-
fective area of WxL. This effective area, which is dependent on
the transmitting antenna pattern, is broken up into smaller sub-
areas. The scattering from each sub-area is entered into the GTD
program as a polarization dependent scattering matrix element with
scattering coefficients referred to the center of the sub-area.
Each sub-area generates a direct backscattered field to form the
sea clutter signal. The forward scattered field which is also gen-
erated from each sub-area then appears to come from a new source
which in turn illuminates the metallic cylinder, and from which
it is reflected to the receiver. The form of this doubly reflected
field (the ship-sea interaction term) constitutes one of the major
objectives of this research, because it represents one of the im-
portant contributions to the overall target signature. Even though
this component of the scattered field is somewhat smaller than the
signal scattered by the ship alone, it is, in many instances, a
stronger signal than that due to the sea clutter. Since this doubly
reflected field, whose existence is sometimes overlooked, occurs
earlier than the ship scattered signal, it can play an important
role in the overall system design, particularly when accurate range
estimates are required.

The antenna radiation pattern, as will become apparent later,
can also play an imoortant role in the overall signature of the
ship-sea model. However, for convenience, the antenna pattern is
first chosen to be a pencil beam radiated from a rectangular aper-
ture with Gaussian amplitude distribution in both planes. The rec-
tangular aperture with its coordinate system and the radiated fields
are given in Appendix A. Although a near field analysis is required
to specify the range dependence of the radiated field (because the
antenna may be in the near zone of the ship at the range of inter-
est), it can be shown that the angular dependence of the antenna
pattern is equivalent to a far field pattern.

Similarly, the details of the system electronics (detector
type, range gate, doppler filters, etc.) can play an important role
in the detectability of targets in clutter. For the purposes of
this study, however, we have assumed that the emitted signal is
a c.w. waveform proportional to [Re V exp(2wjf t)] where V is
a transmitter reference voltage, f iR the carrier frequency, and
Re designates the real part of the complex expression. The model
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represents the received signal as a sum of contributions with well
defined total path length r (e.g., for double bounce path, rn is
the round trip path length from transmitter, to patch center, to
reflection point back to the receiver). Thus the received signal
has the form

Re : Vn exp
7 jf ct - Jkr n + 6n)

n
where k -r/, V_ is an amplitude factor, and 6 is a phase (pos-
sibly random) whiPh depend on the scattering process for the par-
ticular contribution. The detector is assumed to be of the homodyne
type with low pass filter, so that the detected signal Vd(t) has
the form

Vd(t) = Re I Vn exp(-Jkr n+6 n).
n

This is the signal which is computed in the subsequent sections.
Note that the doppler shift and the general time dependence of the
waveform are contained implicitly in the constantly changing path
lengths rn.



CHAPTER III
INTRODUCTION TO THE GEOMETRICAL THEORY OF DIFFRACTION (GTD)

In this chapter the basic GTD solutions used to analyze the
simplified ship model are reviewed. The GTD is a high frequency
technique that allows a complicated structure to be approximated
by basic shapes such as flat plates, curved wedges and convex curved
surfaces. It is a ray optical technique and therefore allows one
to gain some physical insight into the various scattering and dif-
fraction mechanisms involved. Consequently, one is able to quickly
seek out the dominant or significant scattering mechanism for a given
qeometrical confiquration. Several fundamental scattering mech-
anisms are used in the GTD calculation for the simplified ship model.
They are: 1. Reflected field from a curved surface, ?. Diffrac-
tion hy a straight wedge, and 3. Diffraction by a curved wedge.
These scatterinq mechanisms are individually discussed below.

A. Reflected Field from a Curved Surface

The scattering problem studied here is that of the reflection of
a qiven electromaqnetic field E (Q ) from a Furved surface, as shown
in Figure 4. The reflected electrc field E (s) at the observation
point is qiven, in the geometrical optics approximation, by

~~~r r~)= (R

r ~ ~i . jP1P)r J~ks(1E s Q) (pr+S)(pr+S) e )

OBSERVATIONe,, POINT

SOURCE eI,
POINT el/ -

.1e..!

a

Figure 4. Reflection from a curved surface.
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where F1(O I is the incident electric field at the point of reflec-
tion 0 dut to a point solce at P. The reflection point Q is
folind iromn the law of reflection, which requires that the acIqle of
incidence he equal to the anqle of reflection. It is determined
hv the relation

-! * n s • n (?a)

where I ik the incident unit vector, s is the reflection unit vec-
tor, and n is the surface normal unit vector. It is also required
that all these unit vectors must lie in the same plane at the re-
flection point, so that

Ix n = s x n. (?bl
The dyadic reflection coefficlentm for a perfect conductinq surface

can he expressed as

" Sr " "
I r t* * * 3

wheree. and e are the incident and reflected unit vector parallel

to the plane of incidence (i.e., the plane containinq the incidentIvector and the surface normal, and ' is the unit vectpr per-r

pendicular to the plane of incidence. The quantities pr and p
are the principal radii of curvature of 4he reflected w~vefront
at the reflection point Q , Kouvoumiian discusser in detail how
to find these valules for An arbitrary wavefront. For a spherical
incident wavefront, the radii are qiven bv

- j in o., sin 01I
+ _ _I I - +

co'rc I

+ + f- - (4)

where

s' is the radius of curvature of the incident wavefront at
QR-
P is the angle of incidence with cosO =ns--n.I,
t0 is the angle between the incident ray and the principal

stlrface tangent vector el.

o is the angle between the incident ray and the principal
sbirface tanqent vector e,

i .

- • ,.,.i ,, ,l , ...,ai ,.'.''.''.''.* :''*u ''k'



R and R2 are the principal radii of curvature of the surface

s is the distance from QR to the observation point 0.

1i. ifftriction by a Straight Wedge

Even thouqh the diffraction by a straight wedge has no direct
application to the ship model we have chosen, it is discussed here
because it is one of the most findamental diffraction mechanisms
in the GTD analysis and it is essential to understand it before
considering the diffraction by a curved wedge in the next section.

An asymptotic solution for the di~fraction4from a conducting
wedqe was first obtained by Sommerfeld . Pauli introduced the
V function as a convenient formulation of the diffraction solution
f~r a conductinq wedge of finite anqle., Later a plane wave dif-
fraction coefficient was used by Keller in his original develop-
ment of the GTD. Recently, however, Hutchins and Kouyoumjian have
presented a formulation for the diffracted field which is signifi-
cantly more accurate than the Pauli or Keller forms in the transi-
tion reqions (near the incident and reflection shadow boundaries).

The three dimensional wedge diffraction problem is depicted
in Figure 5. The incident field E (s) is radiated from the source
located at the point s'(p',V',z'). This can be an arbitrary elec-
tric or magnetic source producing a plane, a cylindrica) or a spheri-
cal wave incident on the wedge. Kouyoumjian and Pathak have re-
cently shown that the diffracted fields may be written compactly
in terms of a dyadic diffraction coefficient if the fields are ex-
pressed in a ray-fixed coordinate system. The ray-fixed coordi-
nate system is centered at the point of diffraction Q which is
the so-called stationary phase point (a unique point ior a given
source and observation point). The incident ray diffracts as a
cone of rays such that o (see Figure 5) or

-I - z = D - z = cos 0o  (5a)

The relationships betweep Ihe.orttogon,l unit vectors associated
with these coordinates (1,8o,€ ; D,o,4) are shown in Figure 5,
and are given by

D R 0' x 4,'

where 4' and ; are the unit vectors at the source and observation
point, respectively.

10
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The diffracted field is now given by

Fd(s) ~ i(QE • A(s) e-jks  (6)

where s is the distance between the observation point and diffrac-
tion point, and ) is the dyadic diffraction coefficient, given by

. .... s  D

with

_e Tcot(2n) F[kLa+(S-)]
9nJk sinS 0

[(T) [ )F

+ Cot F [kL a-( B-)] (7)( n Fka+B)

Here the upper sign (-) corresponds to the soft boundary condition
(s) and the lower sign (+) corresponds to the hard boundary con-
dition (h). The angle variables are given by i = _, where the

terms are associated with the incident field and the t+v' terms
are associated with the reflected field. The distance parameter
L will be defined later. The function FixI is called the transition
function and is given by

F[x] ?jIJ-lej x  . e- j T dT (8)

The above diffraction coefficient can be shown to be related to

the V8 function for a straight wedge by

+ FL e i kL
ns,h(,,';So) = [VB(L,Pt-) ; VB(L,S +)] sin SO (q)

where

VB(L,S)= I (LR + I (L, S)

with e- 'i kL+ T/ 4 )  tn' jka 'T ?

( L, 8) e - Ja Cotn e fjkLa e - d

+ [higher order terms]

12



The higher order terms are negligible for large kL. Here n is
defined from the wedge angle WA = (2-nOi; also

a a = l+cosS-Pn1N±) and

N kis that positive or negative inteqer (or zero), which most nearly
satisfies the equations

9niN- -6 = -Tr for I

- IT

?niTN+ -S= +71 for I+

For a straigh wedge the quantity L is a distance parameter given
in qeneral by

s(Pe+s)P1P Isin 2L I e 1i2s. (10)

(P+s)(P,+s)
e 1?

where pl, p are the principal radii of curvature of the incident
wavefrolt a? the point of diffraction, and p is the radius of curva-
ture of the incident wavefront in the plane Eontaining the incident
ray and the edge. In matrix notation, the diffraction coefficient
can be written as

Ed{s) -Dh  EI(Q E

The D coefficient (minus siqn between V terms) applies to the
F-field component parallel to the edge a~d is derived from the can-
onical problem with the acoustically soft boundary condition

wedge =o.

The Dh coefficient (plus siqn between V terms) applies to the r-
field component perpendicular to the edge, and is derived from the
canonical problem with the acoustically hard boundary condition

wnedge

Thl quantity A(s) is the ray divergence factor given in general
by

A(s) =

13



where for a straiqht wedqe, ppe is the radius of curvature of the
incident wavefront in the plane cnntaininq the incident ray and
the edqe. For some specific problems the divergence factor is given
hy

F-S lane, cylindrical and conical
wave incident

A(s) s
s+ spherical wave incident

where s' is the distance from the source to the diffraction point
and s is the distance from the diffraction point to the observ-

ation point.

C. Diffraction by a Curved Wedge

In this report the hull of the ship is to be modelled first
by a finite elliptic cylinder. Since the top and the sides of the
elliptic cylinder form a curved wedge at their junction, this con-
figuration must also be considered. The curved wedge problem, which
is illustrated in Figure 6, is again analyzed using the GTD tech-
nique developed by Kouyoumjian and Pathak . Again, the diffracted
field from the curved wedge may be written in the form

E()5 J ~~ e-k (?

The parameter p is the distance between the caustic* at the edg
and the second caustic of the diffracted ray. This is given by

ne (I-s)(

1 ae sin 80e

where pe9 n, a are defined below. The diffraction coefficients
for the cursed edqe are extended from those in Equation (7) to
allow the diffracted field to be continuous at the incident and
reflected shadow boundaries. This is accomplished by finding the
appropriate distance parameter L in each of the transition functions
that makes the total field continuous. The diffraction coefficient
for the curved wedge is given by

*A caustic-Ts a location where the rays converge and the geometrical
optics field becomes infinite. It can be a point, a line or a surface.

14



I

T4 hsin~ 1 F[kLa(, - )] +

- i 0o s -n Cos( +3

n n i
I [cot(n!)F [kLrna+(B+)] + cot(-n+)F [kLroa(B+)]] (14)

cot~3 2cos('.?-+
in which a($ )= ?cos2( /2) and A+( )= 2 cos2( The distance
parameter associated with the incident field is given by

I , i+ . i i sin2 S

= - 1 (Iba)
eI ?

I The distance paramners L ro associated with the reflecting surface
denoted by 0, or L associated with the reflecting surface denoted
hy n, are given by (see Figure 7)

s(pr+s)pr rinf
Lrorn re_ P i's  0 (15b)

The parametersp I and p, are the principal radii of curvature of
the incident wavxfront 3t the diffraction point Q The parameter
p is the radius of curvature of the incident wav front at Q taken
A the plane containing the incident ray and the tangent unii vector
e at the edge (see Figure 6). In the case of plane, cylindrical
and conical waves, p is infinite and for the case of spherical
waves p =s . The paameters p' and p, are the principal radii ofcurvatui~e of the reflected wavxfront at Q E and may be fpund rfrom

Ipuation (4) for spherical wave incidence. Note that p , P and
p , must he determined separately for the o and n surfacls, ?; thpt
eSch surface has its own reflection properties. The parameter p
is the radius of curvature of the reflected wavefront at Q takeg
in the plane containing the reflected ray and the tangent nit vec-
tor e and is given by

r- 1 (16)

aesin1I 0 e Pe 0

where n is the unit normal to the surface either o or n. The unit
normal to the edge (;e) is directed away from the center of edge
curvature, and a' 0 e-is the radius of curvature of the edge at

I
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These three standard GTD solutions will form the basis of our
calculations for the ship and ship-sea scattering contributions
to the signatures detected by the radar.

SOURCE

A L

A A

SURFACE n

Figure 7. Definition of surfaces for wedge
diffraction problem.
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CHAPTER IV
SEA SCATTERING CHARACTERISTICS

The scatterinq cauisfi-d by the presenc of the ocean stirface
should he calculated, in principle, from the actual state of the
surface, i.e., from a specification of the helqht of the surface
as a function of position and time. This would he both difficult
and expensive. At the present time there is not available a suf-
ficiently detailed description of the ocean surface to correctly
formulate the microwave scatterinq problem. If there were such
a description, the scattering problem still could not be solved
exactly with present techniques. Finally, even such approximate
techniques as physical optics would require a douhle inteqration
over the extreme lv 1arqle surface area which can interact with the
ship and the radar system. Thus in the ship-sea model developed
here the actual scattering properties of the surface have been re-
placed by a statistically averaqed histatic radar cross-section of
the ocean. In this chapter we discuss how the radar cross-section
approach is implemented in the model, and what particular form of
radar cross-section is used.

When usinq the radar cross-section to characterize the ocean
;catter, care must he taken to duplicate, as far as possible, the
statistical properties of the actual received siqnal. We have ap-
proached this problem by dividingt up the total surface in the vicinity
(of the ship model into rectanqular patches (see Fiqure 3). Now
the ;catterinq from each patch can be found trom the radar cross-
section per unit area of the patch, and its area. The size of the
patches must he chosen small enouqh so that the anqular dependence
of the cross-section does not chanqe greatly froin patch to patch,
hut larqe enouqh so that the scattering froin patch to patch is sta-
tistically independent. Because of the random character of ocean
surface, the positions of the specular points which contribute to
the forward cross-section are themselves random. Thus the minimum
patch size should contain enough specular points (say more than
10) so that the signal from each patch has a statistically random
character. We have not addressed the problem of determininq the
optimum patch size in this report, but believe, based on the con-
sideration suqqested above, that the dimension of the patch should
be several times the wavelenqth of the sicnificant ocean wave size,
and that the anqle suhtended by the centers of adjacent patches
should probably not he much more than 10 deqrees.

To specifv more formally the contribution frown a sinqle patch,
consider the nenmetry (of Fiqure 8. If a plane wave with electric

18



field E exp(-jkx sinO.+jkz cosO.) is incident on the patch LxLI with anale of incidence 0. then the electric field in the scatter-
ing direct'ion Oss *s at r1nge R s will be given, in our model, by

-AL 2

wh r ES -,R- N ei ,e SP (17)1T

wher (e0 4 ) is a unit vector which specifies the polarization
state of Aleb~erved field, 6 is a random phase angle with -nt <
6 < nv, and (7 0 AOV * ) is the bistatic radar cross-section per
unit area of the ocian. We consider next the specification of the
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The general problem of scattering of electromagnetic waves
by the ocean is an extremely difficult one. The forces of wind,
gravity, surface tension, acceleration, etc. produce a spectrum of
ocean waves of various heights, lengths and directions of motion
which collectively behave as a random rough surface. The scattering
from statistically rough surfaces has been studied extensively in
recent years and two important special cases of rough surface scat-
tering, distinguished by their relative roughness scales, and by
the analytical methods used to obtain the scattered field, have
particular relevance to ocean scatter. The currently accepted view
of the scattering behavior of the ocean is contained in the so-called
"composite" model. In this model, the scattering near the specular
direction (i.e., near normal incidence for back-scatter) is con-
trolled by the slope distribution of the large scale structure of
the surface. This part of the scattered field is calculated by
physical or geometrical optics, and provides an explanation not
only for the near-normal incidence back-scattering cross-section
hut also for forward scatter (multipath) effects, and for the de-
pendence of brightness temperature on wind-speed and polarization.
For the back-scatter cross-section away from normal incidence, the
scattering mechanism is the "Bragg" scatter from capillary and short
wavelength components of the surface. This contribution is calcu-
lated by perturbation theory, and when utilized with the known spec-
trum of the ocean it explains the angular and polarization depend-
ence of the radar cross-section, and the weak dependence of this
cross-section on wind speed and electromagnetic wavelength. In
this composite model, these two contributions to the scattered power
are considered to be statistically independent, so that the total
cross-section may be written as the sum,

(OisO s) :' Oos(eiss@s) + <LTop i , s0 s) (18)

where _ is the specular component, and <o, is the perturbation
componeRH averaged over the slope distributTRn of the large scale
surface structure. These two components are considered separately
as follows.

A. The Bragg Component; Slightly Rough
Surface Scattering

The slightly rough surface is one having a scale of roughness
whose r.m.s. roughness height, h, is much less than the electrical
wavelength and whose surface slopes are small compared to unity.
This slightly rough surface model, based gn a perturbation calcu-
lation, was originally formulated by Rice in 1951 and was adapted
to problems of radar scattering a few years later by Peake". The
perturbation or smallness parameters are the surface height -r (x,y)
and the surface slopes - Cx and &y* By expanding the surface height
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E(x,y) in a Fourier Series, and applying the perturbation theory
with the appropriate boundary conditions, one obtains the average
scattering cross section per unit surface area for bistatic scat-
tering:

0 16Tk4 cos 2i cos 2R5l 1l2 S(kxky) (19)

- where n and c are the scattered and incident polarization states,
respectively,

- k is the free space wave number (2w/A) of the electromagnetic wave.

I- The angles 0.,R A are illustrated in Figure 8. The incident
plane is Issamreh to be aligned with the x-axis.' For backscat-

tering i = A s = I"

is the scattering matrix element for a homogeneous dielectric
ne surface and is a function of the polarization states and material[properties (see Appendix 8".

- The function S(kx ky) is physically the surface height spectral[ density,

- kx, k are the (mechanical) radian wave numbers in the x and y
di ections, respectively.

kx = k(sinscoSs-slnO i), ky = k sinO s sinos

The density S(kxk y) is defined as

-x y
S(kxsky) -2 ff <(x,y)&(x',y')> -jkxrx e *jky Y d-xdTy

I where Tx = x-x' and Ty = y-y',

oror S kx k 2) . feR xy x Tx e-jky'y dTx dTy

where R(T ,T is the surface heiqht correlation function. Since
the surfaee ouqhness is assumed to be isotropic, the height cor-
relation function R(rx,Ty) is a function only of the separation

I

I
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.rl n t su face points x, y and x',y', (i.e., r )2

+ (y-yT) T). Hence one can define p(r) I R(T.,T.) to be
the surface hefgh correlation function. Here h is *hesurface
mean square height and is given by the relation

h2 = <e2(x.y)>.

Thus the scattering cross section is proportional to the power spec-
tral density of the surface height. The height spectry5 of the
ocean surface, S(k ,k ), has been reviewed by Phillips , who found
that in the equili ritm range, the spectrum has the convenient ap-
proximate form

0o k k < k c
S(kxs y k 0 k , c (20)

where ko = Jk+k
? ,

B is the Phillips constant, B Z 0.006,

2

kc =3.6 cm- 1 ,

g is the acceleration of gravity (9.8 m/sec ) and

Mo is the wind velocity (m/sec).

The lower cut-off k1 represents the gravity waves with phase velocity
equal to the wind velocity. The upper cut-off kc represents the
capillary waves of minimum phase velocity. For wave numbers greater
than kc, the exact form of S(ko ) is not well known, and is very sen-
sitive to local wind speed. Thus at present, the use of the per-
turbation theory is limited to electromagnetic wavelengths greater
than about 4 cm. Physically, the Phillips spectrum implies that
the wind speed does not affect the shape of the spectrum in the
equilibrium range. As the wind speed increases it merely drives
the cut-off (k, to smaller wave numbers. The upper cut-off, k
occurs becuse viscous dissipation quickly damps out larger,/av6
numbers. Figure 9 shows measurements (of Valenzuela et al. ) of
the spectrum of the sea surface S(k),computed from neasured back-
scattering cross-section at UHF, L, and C band. It is apparent
that the Phillips spectrum is an excellent approximation to the
actual spectrum in the wave number region where the perturbation
theory is valid, and that the cross-sections based on Equation (19)
and (20) are in good agreement with measured results.
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Figure Q. Spectra inferred frnm vertical radar cross-section
data hypeans of the composite model, after Valenzuela
et al. . The line indicates the Phillips spectrum

for wind speeds of I0 and 9n ms.

B. The Specular Component; Very Rough Surface Scattering

I The specular component a is calculated from the "very rough
surface" scattering model. TR very rough class of surfaces are
those having a large scale roughness such that the r.m.s. rough-
ness height, h, is larger than the electric wavelength and-the local
surface radii of curvature are also greater than this wavelength.
In the past, two different techniques have been used to calculate
the fields scattered by such surfaces, viz. the Physical Optics
approach, and the Geometrical Optics or stationary phase approach.

If these are used correctly, they lead to the same result.
I The Physical Optics approach, which employs a physical optics

integral expression for the scattered field, is probably the most 12
mathe 9 tically thorVgh and exact approach. Among others, Semenov
Kodis and Barrick have addressed the problem of scattering from fl
a very rough surface of homogeneous material, using a vector formu-
lation which accounts for polarization. Since this method probably
yields the least physical insight into the scattering mechanism
and is computationally time consuminq, it will not be used here.

The Geometrical Optics approach, oriolnated by Muhleman' ,
subdivides the rough surface into a grid of smaller flat sub-areas
each havinq the same projected area in the x-y plane. Each sub-
area reflects the incident power specularlv, and the direction of
reflection is determined by the direction of the local normal (i.e.,

13



the direction bisecting the angle between the incidence and scat-
tering directions). Hence the amount of power scattered into a
qiven direction is directly proportional to the number of sub-areas
whose normals are pointed in the proper direction, divided by the
total number of sub-areas. This quantity is the probahility density
function for the surface normal. An identical result for the scat-
terinq cross section may also be obtained from a slightly different
point of view, in which the incidence and scatterinq directions
are specified, and the specular reflection points on the surface
located. From elementary geometrical optics considerations, the
scattering cross section of a single specular point is r times the
principal radi of curvature at that point. For multiple specular
points, Kodis , starting with an exact integral equation for the
fields and evaluating it asymptotically by the method of stationary
phase, has shown that the average scattered power is proportional
to the average number of specular points on the surface times the
average radii of curvature at these points.

From these two analyses, BarrickI has presented the equation
for the average scattering cross section per unit area of a very
rough surface of homogeneous material. This is given by

0 TnA<Jr r2{>JR ( v) 2 pl.)
qt

where nA = average number of specular points per unit area,

<Jr Ir1>= average absolute value of product of principal radii
9f curvature at specular point,

R (v = Fresnel reflection coefficient for incident polarization
ni state c and scattered polarization state n. These quan-

tities are given in Appendix C.

v = local angle of incidence at specular point (half the angle
between incidence and scattering directions) with cosv =

t Vn A -sincos s+CosoicoS~s, see Figure 10.

After determining, from the statistical properties of the surface,
the quantities nA and <1rlr 2 1>, Barrick obtained, for a general
surface,

on = n sec 4 pxSp , 'ysp)IRnC)! (?2)

where p( , ) is the joint probability density function for
the surfa Pslags in both x,y directions at the specular point
with [ and F defined as (a&(x,y))/ax and (aC(x,yJ)/ay at the
speculippoint. R is the angle between z axis (mean surface normal)
and the local surface normal with cos B = (coso,+cose.)V2 cosv (see
Figure 10). Since the probability density function f~r the surface
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Figure 10. Geometry of bistatic cross-section.

slop,,s in the x and y directions is simply related to the probability
density function for the local surface normal, one can show that,
if the slope distribution is independent of azimuth angle Cn' then

r o = nsecB P()lRn(v) (23)

where P(B)dQ is now the probability that the surface normal lies
in a small cone of solid angle Pin the directionfl (see Figure
10). The difference factor sec B between Equations (22) and (23)
is due to the Jacobian of the transformation between B, €. and

The probability density function P(B) for th8 ocean
sOfPac-gpends on a number of factors, but for the purpose of this
report it is assumed to have the simple isgropic form (very simi-
lar to the cross-wind form of the Cox-Munk distribution):

I P{! os exp[_tanfk/t (l+t] (24)
t?

where t is the mean square surface slope. For the sea surface
which possesses the Phillips spectrum, the effective mean surfaceslope is

I
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t R loq(k2 /k1  (9)

Here k and k, are the effective lower and upper limits of the ocean
spectrum, respectively. The lower wave number limit, in the Phillips
spectrum, is qiven in Equation (On). The upper limit is determined
hv the condition that there he a smooth transition in the back-scat-
terinq cross section between the results of Equations (03) and (10).
The expression qiven here is a convenient empirical result:

k? jk~ + PO?6

(3.5X)2B

Both shadowing and multiple scattering between different surface
points are neglected in the above theories for the very rough surface;
these limitations are not expected to be serious as long as the
slopes are not too precipitous and near-grazing angles are avoided.

If it is desired to account for the shadowing correction, there
is a large literatire (see, for example, reference 17) devoted to
the problem.

C. The Composite Cross-Section

The "composite" model for the surface views the small scale
structure of the surface (which produces the Bragq scatter compo-
nent) to be superimposed on the large scale structure. Thus the
perturbation component of the scattered field is viewed as a local
scatterinq phenomenon occurrinq on a tilted surface which must be
averaqed over the larqe scale slope distribution of the surface.
The qeneral procedure has been discussed is detail by Valenzuela,C25i
hut for the ourpose of this report it is more convenient to consider
expressions for the bistatic and the hack-scatterinq cross-section
separatelv.

1. Rackscatter

For back-scatter, (A=0o; 4=w) both the specular and the Bragg
components of scatter will ba significant. When the averaging of
the Bragg component over the slope distribution is carried out,
the resulting cross-section can be written in the form

o (e ) irsecoijR (O)1 2 P(ei) + 16nk4 cos4 0 12S(2k sini,O)

(27)

where we have chosen the specific polarization states h (horizontal)
and v (vertical) to represent the incident polarization (,n), and
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I

that nolarization component (0 of the scattered field accepted
hv the receiver (thus o re esents a transmitter with horizontal
nolarization and a receiver with vertical polarizat4on). Clearly-
for hack-scatter, the Fresnel coefficients Rhh(o)l ?and tR (o)
are equal, while Rh = R = . The parameter alnI inc lus the
effect of the av e ova the surface slopes, wi h direct polarized
form -

12 ?n 2 ?

J cnI = IE cos 2y + I I2 sin y (28a)

where n = h or v, c = v or h, n # c for 0i=As and ysl

and cross polarized form

ICz;l12 = Ionl 2 cos2y + laEcz12 sin 2y (28b)

where n = h or v, e = v or h, n # e for ei = a and s = IT.

JThe factor sin y represents the effect of averaging over the surface
slopes and can be approximated by the convenient empirical form

t2  (t1-+sinP. pl si~y (t- +sin 6.)

II
where t is the r.m.s. surface slope given by Equation (25). The
coefficients a are given in Appendix B. Thus the back-scattered
clutter contribution to the siqnature from each patch is calculated
from Equations (17), (?7), (P) and (9Q). Note that for each patch
in the model, the local scattering angles 0, e , , etc. must
he computed from the position of the radar 1nd he osition of the
natch center.

9. Bistati" scatter

Although in general the bistatic cross-section should contain
both the perturbation and specular components of the cross-section,

it is found that in the forward scatter direction (for 1 < 2)
the total cross-section is dominated by the specular part. Thus
in the ship-sea model, the ship-sea interaction term, which involves
a forward scatter contribution from the surface, is found from the
specular component alone (Equation (?I)). Again, however, the local
scattering angles ei, a and 4o which give a and v (and the appro-
priate polarization states) mut be found from the position of the
radar, the patch center, and the specular point on the ship structure.

7
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CHAPTER V
DOUBLE-REFLECTION SIGNATURE FROM THE SHIP SEA INTERACTIONS

A. Numerical Search Technique
for Points of Reflections

In this section the techniques for calculating the ship-sea
interaction term are considered in detail. In the flat patch model

for the sea surface described in Chapter IV, the scattering from
each patch is calculated in terms of the area of the patch and its
bistatic radar cross-section as if the entire scattered field em-
anated from a single reference point in the patch. Once the "re-
flecting" properties of the patch of ocean are known, one may return
to the problem of calculating the double-bounce contribution of
a particular patch. From any one of the sub-areas to the receiver
via the reflection from the elliptical cylinder, there must exist
one reflection point on the cylinder except when the receiver is
in the shadow reqion of the cylinder. To find this reflection point,
the laws of reflection, as defined by Equations (?a) and (?b) must
he satisfie6 When these laws are applied in a systematic manner,
it is founO that the position of the reflection point can be re-
covered from a sinqle unknown parameter a (defined in the reference
niven) which satisfies a sixth order polynomial,

CO F +C80i +C4 Y
4+C 3+C9 2+Cia I +C 0=0.

The coefficients C C etc. are functions of the "source" location
(i.e., the center 8f te patch), the receiver location, and the
cylinder parameters. Since the derivation of this polynomial is
quite a laborious process, and it has been derived in the reference
qiven above, it will not be reproduced.

The polynomial technique is very time consuming if it must
he carried out for every sub-area at each point of the trajectory.
Hence it is used only for initial acquisition of the reflection
point for the first sub-area of the Nth row (A ) as shown in Figure
11. This reflection point is then tracked by very fast numeri-
cal search technique through many small increments (width = At)
to the new reflection point for sub-area A This numerical search
technique is thereafter applied to find alq'the reflection points

for the sub-areas in the same row (sub-area AN3 , AN4, etc.), and
the procedure is then repeated for each row.

The polynomial method can be considered as an exact solution
(except for a numerical truncation error). In the numerical search
technique, a new reflection point is found from the previously de-
termined point; therefore this approach can have an accumulation

P_8
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Fiqure 11. Sub-divided patches of the illuminated sea surface.

of errors. In order to control this situation, an error bound is
defined such that if it is exceeded by the accumulated error, the
number of increments is increased (At being reduced) until the error
bound is satisfied. The numerical search technique is briefly dis-
cussed below. One needs first to define (see Figure 3) position
vectors s, o, and r, where the vector s is the position of the center
of sub-area, vector o is the position of the ohservation point (which
is fixed for any instantaneous antenna location) and vector 7% is
the position of the reflection point on the cylinder. Thus the
vectors

xsX + V sv

0 O + ,V0oV + z o

I= Xr . y + r



define the corresponding coordinates x., ys. etc.

A parameter v is introduced to define the reflection point
on the elliptic cylinder such that

r n Yr
Cos v = - , si-v

where a, h are the semi-major and semi-minor axes of the ellipse.
Thus,

r = a cos v x + b sin v y + z z.

Now Fquations (!a) and (h) can be combined to form:

-1 1 _ .1 -A -1 - _

(n • I) (n x R) + (n x I) (n R = 0
• ,,

where n= n xX + nvv = h cos v x + a sin v y a normal vector

(3?a)
- ~ I A 5

x x + v + Y = r s
AA A

= (a cos v - xs)x + (h sin v - y )y + ZrZ an incident
vector

(37h)
I A A A

R =R x x Ryy + R z = 0 - r

= (X0-a cos v)x + (yo-b sin v)y + (zo-zr)z a reflection
vector

(3?c)

After performing the dot and cross products, Equation (31) can be
separated into two equations:

f(vxsys5  = nI x+n y n xR y-ny R x + (nx R x+n yR yn IV-n I x=

a(vxsvYz r) = (nxlx +ny I y)R 7+(nx R x+n yRI = 1 0. (11h)
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By substituting Equations (32b) and (32c) into Equation (33b), one
finds that

(nxIx+ny I y)Zo

Zr (nxI+nyIy)-(nxRx+nyRy T

which is a function of v, x and y . For Equation (33a), one can
apply the Taylor Series expinsion 4hich says that the equation for
the new reflection point (fj+l=0) is given in terms of the previous
point (fl) by

fj+l = f. + tf. = 0

af af. a
where 6f a I 6v +-f 6 + 3fj 6Ys3 av sax s  ays

aff
with indicating the value ofxf evaluated at the Jth point.

Hence,
fJ+(afJ/ax )Sx + (af./ay )6y

jv= - afI (35)
a3v

which is a function of the old reflection point (v x ,y) and the
incremental distances (6x 6y). The new reflection pont in the
x-y plane is now defined By v = v + Sv and can be substituted
along with the new source locition (4+ 6Xs, y +6y ) into Equation
(34) to yield the new reflection poin, in the z-caordinate. After
the point (j+1) has been determined it can be substituted into Eq-
uations (35) and (34) again to find the next new point (j+?). This
process continues until it reaches the center of the adjacent sub-
area from which an additional reflected field is then calculated.

R. Reflection from the Elliptical Cylinder

Once the field scattered from the center of each sub-area has
been calculated and the corresponding reflection point on the cyl-
inder located, the reflected field incident on the receiver is readily
computed using the geometry illustrated in Figure 12. The scattered
field for each sub-area, as described in.Chapter IV, is treated
as the field incident on the cylinder (E1 (QR)). The reflected field
is given by Equation (1),

r r

Er(s) = Ei(QR) * s r(+s) A
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Figure 1w' , Geometry for field reflected from
elliptical cylinder.

In order to calculate toe principal radii of curvature of the
reflected wavefront p and p the values of R and R , the princi-
pal radii of curvaturi of th9 elliptic cylinder, are heeded. In
this case

= .(b2cos2v+a2si n2 ) 3 2R?7 =. ab

Using the above expressions and Equation (4), one finds that
] I 2sin? el

= r +.- and r- s t

P1  RIcose P2

All the parameters have been defined before in Chapter Il1. The
dyadic reflection coefficient is given by

[,,e,, - eA P4

and can he calculated in the following manner (see Fiqure 1.1).
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o" th el i nca cyinder.36

w h e i h ncie etwee^ n F e 1 nd the poetonsfofrmednto the
orplanegonaincoin e sysnd , s el, that

I e* = -sinO cosw

ISince it is also true that I . e?2 = -cos02, we have

COS W= im

The unit vector e, Is found by the orthogonal relationship:

xI K I'in~
where n can he obtained from Equation (12a). Hence

e, el x x + e y
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with

e a sin v and ely b cos velx =? . .

jb2cos2v+a 2sin 2v b cos v+a sinv

From Figure 13 one can easily transform the vectors used in the
dyadic reflection coefficient into the x-y-z coordinate system,

-sinw e2 + cosw ee,2 1
= -sinw z + cosw e x x + cosw * ely y (37a)

and
,j * A

e,, 
= T x e, (17b)

ell = x P'(17c)

Due to the principle of reciprocity, the ray which travels
in the opposite direction to that shown in Figure 19 will produce
exactly the same field at the receiver terminals; therefore the
douhly reflected field calculated for the ray path depicted in this
figure should he doubled to give the total field.

C. Test Cases: The Elliptic Cylinder; The Reflection Points

Before showing the results for the doubly reflected field,
it is helpful to ensure that the GTD solution for the reflected
field from an elliptic cylinder is correctly calculated. Consider
the test case with an electric current moment placed close to an
elliptic cylinder, as shown in Figure 14, with the reflected field
pattern calculated in accordance with EquatioT8(1). The result
is compared against that obtained by Marhefka , and excellent agree-
ment (see Figure 15) is achieved. Marhefka's solution which is
also based on the GTD technique has itself been validated by a moment
method solution.

The results of the computer program for obtaining the reflection
points on the elliptic cylinder have also been verified. As an
example, for the case of broadside incidence on the cylinder, as
shown in Figure 16, the locations of the reflection points on the
cylinder versus the suh-area positions are illustrated in Figures
17 and 18. Figure 17 shows the reflection points in the x-y plane
as measured by the parameter v (the elliptic parameter v is related
to anqle t hv v=arctanj(A/B)tan4,j, and Figure 1 shows the reflec-
tion points in the z-plane as measured by the height zr. For the
casp of off-broadside incidence (4WO), shown in Figure lQ, the re-
flection points versus the positions of the sub-area are illustrated
in Figures ?0 and ?1. The curves of position generated for broad-
side incidence are symmetric with respect to the center sub-area
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Figure 14. Configuration for the reflected field pattern

I. measurement. The source is located in the x-y plane.
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Figure 15. Reflected field pattern for the geometrical
configuration shown 1B Figure 14 with A=2.X, B1)X,

R=4x, y45 RF=200\, ZF=200).
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Figure 16. Characteristic views of elliptical cylinder and
position matrix for broadside incidence. The antenna is
instantaneously fixed at location (x=55.2, y=O, z=40.5,

and a=3, b-30; arbitrary distance units).

171.

[ -
,



40

30-

20

lo-0

0
2 4 6 10 12 14 16-

SUB- AREA
> -I0

-20

-30

-40 -

Figure 17. Reflection points (measured in angular parameter v)
versus the sub-area location for the case shown in Figure 16.

The sixth row in the scattering matrix is used.
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Figure 18. Reflection points (measured in vertical height zrversus the sub-area location for the same case shownr
by Figure 17.
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Figure 10. Characteristic view of elliptical cylinder and
position matrix for off-broadside incidence of the
antenna. The antenna is instantaneously fixed at
location fx=39Q.n, y=3Q.0, z=4f.q and a=1, b=10;

arbitrary distance units).
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Figure ?n. Reflection points (measured in angular parameter)
v) versus the sub-area location for the case shown in

Figure 19. The seventh row in the scattering
matrix is used.
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Is expected. The curves in F ioures 17 and IS are nearly straiqht
lie for the, rpasOn that the broad f Ace of the ellIiptical cvi inder
is; nearly flat. The ahrupt chanqe at the end of the cuirves in Fiq-
IIr'(" 'In and ')I is 01ue to the fact that the reflection points have
reachedI the narrow e,1( of the elliptical cylinder where the suirface
cur-vatuire varies, drastically with position.

n. Resu Its

After the above techniquie and tests have been verified, we
are now realy to consider the actual scattered fields at the receiver
due to the doubhle bounce corner contrihuttion (forward scatter from
trans;mitter to ocean to ship to receiver) as the radar position
movesI Alonq I -straiqht line. For each stih-area of the sea suirface
s;catterin1 qrid, the field incident upon it is calcuilated from F1
t he ant onna'-s radiation funct ions as expressed in Appendix A. T he
Ncattered f ield fromn this subt-area is then obtained by multiplyinq
the incident f ield byv a scatterint: coeff icient which is a funct ion
Oit t he( 'Int I I, of intci dence, anq I e of ref I Oct i on, sea surf ace char--
.lcteri,0 ics, polari,-at ion of the incident f ield, and Si7e Of the
sub- area as cl io by Equ ati ens (17) and (213) . It i s clear that

he ant 1 e of ref 1oct ion is determii ned by the location of the re-
t lect ion point on the cylinder. This location is first calculated
by the pol1 nii ia 1 met hod and then t racked by the nimer ical -search

eochn iqile as the scat torinql source moves fromn one, sub-area to another.
once, the scaIt t red i old froin the ,Iih- area to the refl1ect ion po int
(in t he cylinder is comtptited, I he reflected field fromv this reflect ion
Ito i tit ot the recel ver is readily cal cul1ated by the method of GTP
wh ich- is, tiven by Fiquation (1)' The final solution is then a sum-
mat ion of all the doubtlyv reflected f ied I for the sub- areas that
aIro .luminated byv the antenna. Of course, the field at the receiver
terminals needs, to bo mrultipl led by the antenna pattern functilon
aI (in; t. A mnmer oif typoical s inatures for the qomoitry ii lustrated
in Fiqmioe "I have been calcuilated, and are shown in Fiqures 2

Tnt these, and s;ubsequient sinatuires. the vlectrottatinetic wave-
1 en(lth has beven taken as the urni t of lenqth, i.e. , the dimensions
oif the ship models, and the alt itude r7F)l and distance alonq the
trajectory (Rr1 are qliven in uinits of waivelenqthI. The siqnatures

hen represent the nomninal received volt aqe V in d113 v-rsuis thle
distance RF oif the antenna from i ts start inq os it ion. Note that
flit, receiver volt aqe is calculated only at finite intervals, aionk)

he t ra.Ict ory t lie i ncrement al di stanice b i nq 1 *1 lentith uinits
n al 11sitqn at uro- (except F i qurv-s (66-711). THe recevived volt. aqe

has, been interpolated betweeni the calcuilated points, to produice a1

plots inldicate the nomninal r~eceived votaq V in (M her."o19Fr weeFri h eevdeeti editniyr
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Fiqure 7?. Conflqieration of elliptical cylinder at sea.
Patch size=3x3 length units. Vertical polarization

is employed.
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Figure 11 Voltage signature for the model of Figure I-?
Horizontal trajectory (AT=fl0 ) at altitude 40l.r unit .s.
Ship dimension 5, R=?5 units. Antenna depre!ion

angle ATA=60 . Antenna approach angle SAH=O
RF is the distance traveled hy the radar from
its starting location. The ship's center is
located at RF=1?0 length units. Cylinder

height is ?4.16 length units.
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Figure ?4. Voltage signature for the model of Figure M?
All the parameters are the same as that for FiVure 23

except the antenna approach angle SAH=45
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1.Fiqure ?S. Voltaqe signature for the model of Figure 72.
All the parameters are the same as that for Figqure ?3

except the antenna approach anqle SAH-O0 .
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volts per meter calculated by the equations employed in this report.
If one wishes to calculate the power delivered (P ) to the matched
load of the antenna from the scattered-voltage pl~f1 given in this
report, given the power transmitted (Pt) from the antenna, the fol-
lowing equation is available

Vr/10 4 PtGtAeffPJa] ' in o(
~del 1  Vi 27

J0 a 'k k

where G is the transmitting antenna directive gain, A is the
receiving antenna effective aperture, J and a are defixd in Ap-
pendix A, k is the free p fP wave numb8r, and 7 is the free space

impeda9 ce. Note that 10 recovers the quantity Er in (volts/
meter)

Also in computing the signatures, it has been assumed that
the dielectric constant is approximately that of sea water at S
baBd (E =69-j38), and the r.m.s. slope of the oceaq surface was
10 , an; the antenna current has been taken as J a =1. In com-
puting the back-scattered and double-bounce contributions, the patch
sizes were taken as 3x3 length units (except in Figures 66-71) and
the patch array size was 17x17 (ie., 289 patches). Vertical polari-
zation of transmitter and receiver was used, unless otherwise speci-
fied.

In Figures 23 through 2g, signatures with horizontal tra-
jectory (AT=0) made with a 15 antenna beam at a depression angle
(ATA) of 600 are shown, for the case of the elliptic cylinder target
with semi-major axis of 25 length units and a semi-minor axis of
5 length units. The trajectory altitude (ZF) is 40.5 length units,
and the horizontal range (radar to target center) varies from 1'0
to n lenqth units. The three different signatures in Figures ?3
through ?S correspond to different antenna approach angles6 which
varied from hroadside incident (SAH=n ) to head-on (SAH=90 ). Al-
though the general form of the signature is quite similar, being
strongly influenced by the assumed Gaussian pencil beam antenna
oattern, the trajectory and the beam depression anqles, the relative
received voltage varies markedly as the approach angle changes.
Among the three computer plots, the geceived voltage level is the
lowest when the approach angle is 45 ; this is because the energy
that is concentrated in the main beam is being reflected away by
the cylinder instead of being reflected back to the receiver, as
happened in the other two cases. The reason that the head-on sig-
nature is lower than the broad-side signature is apparently because
of the higher energy spreading factor du, to the larger curvature
in the bow or stern region.

The direct backscattered signal (i.e., the "clutter signal")
from each ocean sub-area is computed using the formulation presented
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Figure 26. Ship-sea double-bounce signal plus the ocean back-
1. scattered signal for the geometrical model of Figure 22.

Trajectory is horizontal (AT=O ) at altitude (ZF) of
40.5 units. Ship dimension is A=5, 9=25 units.
Antenna depression angle ATA) is 60 . Antenna

L approach angle (SAH) is 0 . RF is the distance
traveled by the radar from its starting location.

The ship's center is located at RF=1?O length
units. Cylinder's height is 74.36 length units.
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Figure ?7. Ship-sea double-bounce signal plus the ocean back-
scattered signal for the geometrical model of Figure 9.

All the parameters are the same as that for Figure 26
except the antenna approach angle SAH=450 .
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Figure M~ Ship-sea double-bounce siqnal plus the ocean back-
scattered signal for the geometrical model of Figure 2?.

All the parameters are the same as that for Figure 26
except the antenna approach angle SAH-9O0.
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in Chapter IV. A uniformly distributed random phase for each sub-
area path is incorporated into the hackscattered field. These ran-
dom hackscattered signals, summed with the forward sea scattered
double-bounce signals, are illustrated in Figures ?6 through 9R.
It can he seen from these fiqures that, except for broadside in-
cidence, the ship-sea douhle-bounce signals have mostly disappeared
into the noise-like sea clutter siqnal,. In other words, the sea
clutter signal has contaminated the signal caused by the double-
bounce ship-sea interaction. The sudden termination of the signal
near the end of the trajectory is caused by the fact that signals
from the illuminated sea patches heyond the ship were not included
in the calculation.

In considering the exact form of the range dependent clutter
signal (which would thus be the time dependent signal in a radar
moving with constant velocity) it is important to bear in mind one
feature of the computer program which implements the calculation.
To simplify certain geometrical factors in the calculation, the
grid of sub-areas was referenced to the antenna position rather
than the position of the ship. That is, the entire grid moves over
the sea surface along with the antenna. At each point of the tra-
jectory, a new set of random phase angles was generated for each
sub-area. It is clear that this procedure will generate a discon-
tinuous time function no matter how small the incremental distance
along the trajectory between calculations. Thus each point on the
clutter part of the signal, and the clutter modulation of the double
bounce return must he reqarded as a sample from a different number
of an ensemble of si.qnatures (an attempt to obtain the doppler spec-
trum of a position of the signal by takinq its Fourier transform
would produce essentially a white noise spectrum rather than the
correct spectrum). Note also that because the clutter signal is
the sum of a number of signals with random phase, there is a finite
probahility that total clutter signal may he considerably larger
than the levels indicated for short intervals (roughly the recip-
rocal of the fade ratel.

It is a relatively simple matter to chanqe the proqram so as
to keep the sub-areas fixed relative to the ship, and to assign
a random phase shift S to each sub-area which would remain constant
for the entire trajectgry. This would produce a continuous sig-
nature, which should be a good approximation to the correct sig-
nature for a "frozen" sea surface, i.e., for a surface which does
not change significantly during the time over which the signature !7
is computed. The doppler spectrum, in turn, should then be a good
approximation to the correct spectrum. A more difficult problem
would occur if it were desired to take into account the effect of
the actual motion of the sea surface on the time signal and the
spectrum. In this case the should be random functions of time,
varying at a rate compatible Qith the surface motion. We have not
addressed the problem of determining a suitable form (amplitude,
spectrum, etc.) for the Sn(t).



t~~i!
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At this staqe, havinq produced a program to compute both the
forward a,, ',ac% scatterinq from the ocean surface, it may be ao-
propriate to ask the question: What is the appropriate size for
the suh-area or patch in the model? The ocean surface model is
a statistical one, with a uniformly distributed random-phase as-
siqned to each patch. It is clear that the r.m.s. scattered field av-
eraged over a number of trajectories should be independent of the
size of each sub-area, as long as the total illuminated area is
kept constant. Even though Equation (171 indicates that the scat-
tered field from a single sub-area does depend on the physical area
-A0 , one should realize that when A is reduced, the total number
of suh-areas will consequently be iRcreased. However, the size
of each sub-area can not be chosen arbitrarily. The size can not
be too small otherwise computer time will become a problem, and
from a physical point of view the model will be incorrect because
it will assign uncorrelated returns (because of the random phase
term) to scattering from arbitrary close surface points. Nor can
the patch size be chosen too large, otherwise one may miss some
of the dominant specular reflection points. In Figure 29 , a number
of ship-sea double-bounce signatures have been calculated as the
sub-area width (pw) was varied from one length unit to ten length
units. The signatures are calculated for the same geometry as that
for Figures 1? and 13 except that the antenna beam depression angle
is chosen to be 30 instead of 60 . It can be seen that, for the
frequency ranqe and target size being used, the average signatures
are nearly invariant to the sub-area size. This empirical finding
has permitted us to use fairly large patch sizes of six to ten length
units, and thus achieve reasonable program run times.
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Figure 29. Ship-sea double bounce signatures. RF is the
distance traveled by the radar from its starting
position. Patch width PW is in lenoth units.
Antenna beam depression angle is 30 . Antenna

approach angle SAH=00 . Ship's center is
located at RF=1?0 lenqth units.
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Fiqure IQ (continued). Ship-sea double-bounce siqnatures.
Patch width PW in lenqth units. Antenna beam
depression artqle is V)0o. Antenna approach
anqie SAH=O . Ship's center is located

at RF=l~O lenqth units.



CHAPTER VI
SHIP SCATTERED SIGNATURES

Havinq illustrated the calculation of the back-scattered (clut-
ter) siqnal from the sea and the ship-sea interaction term, the
scattering, from the ship itself must now be considered. In this
chapter the simplified ship model is represented by two superimposed
finite elliptic cylinders, and the cotputationally efficient GTDK

fechnique is titilied to coinpute the hackscattered signals. There
are two principal scat terinq mechanisms that contribute to the siq-
nature troin the ship. These are the siqnatures caused hy the corner
reflection between the two cylinders, and the siqnatures due to
diffracted-then-reflected (and reflected-then-diffracted) fields
hetween the edqe of one cylinder and the flat "deck" region. There
is also a third backscatterinq mechanism, which is the direct dif-
fraction frown the curved wedqes of either of the two cylinders.
However, Oince the hack diffracted direction is not anywhere close
to the shadow boundaries, as illustrated in Fiqure 30, the direct
diffracted enerqy is too small to he considered here.

TRANSCEIVER

SHADOW
BOUNDARY, "o 

/n,,

SHADOW

BOUNDARY

Fiqure In. Direct wedcie diffractions showinq
the shadow boundaries.

*1}
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The two maj or ship scatterinq mochanins are descrihed below:

A. Corner reflected siqnatture

The corner reflected siqnature as illustrated in Fiqure Ila
is the si(Inature bounced between the top flat surface of the hottom
cylinder and the curved surface of the top cylinder. It is simple
to show, usinq image theory, that if the surfaces are perpendicular
to each other, then there exists only one reflection point, located
at the corner between the two cylinders as shown in Figure 31b.
Thus, one is able to move the source point to its image location
as shown in Figure 31c, and the corner reflected field can then
he computed as a single reflection from an elliptic cylinder. On
this cylinder, the reflection point in the z-direction is always
fixed at the height of the corner; but the reflection point in the
x-y plane, designated by the angle t as shown in Figure 3?, remains
to be determined. The elliptic parameter (v) is related to 4, by
v = arctan[(A?/B?)tan].

From the laws of reflection as described by Equation (") and
with the aid of the numerical search technique presented in Chapter
V, the reflection point or the parameter v can be accurately specified.
Knowinq the location of the reflection point, Equation (1) can then
be emnployed to calculate the corner reflected field received by
the antenna. This corner reflected field for the geometry shown
in Fiqure 11 is plotted aqainst the distance traveled by the antenna
in Fiqure 34. In this fiqure, the three different curves are dis-
tinqiished hv the three different antenna approach angles (SAHI.
The situations encountered here are similar to those observed with
the ship-sea douhle-hounc, sionatures, wher g the received signal
is the lowest when the approach angle is 4q , and the head-on re-
flection is lower than that for broadside incidence, for the same
reason as qiven previously. However, one additional feature that
can he more clearly noticed in Figure 34 is that the peak of the
head-on signal occurs much earlier than the other two due to the
fact that the bow of the ship is much closer to the relative antenna
position than the broadside face of the ship. Since the ship model
is assumed to he a perfect conductor, the above corner reflected
siqnatures are expected to have the highest voltage level at the re-
ceiver terminal among all the signatures that are investigated in
this report.

R3. ilf IrA:ted-reflected signatures

The diffracted-reflected siqnature represents the field that
is diffracted by the top wedge of the bottom cylinder and then re-
flected off the curved surface of the top cylinder. By the prin-
ciple of reciprocity, the diffracted-reflected signature depicted
in Fiqure 3.a will produce the same voltage at the receiver terminal
as the reflected-diffracted signature shown in Figure 35b. Hence

9;7
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Figure 31. Corner reflection configuratinns.
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Figure 32. Top view of the ship's corner reflection.
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Figure 33. Configuration of two superimposed elliptic
cylinders with respect to the antenna position.
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Fiqure 34. Corner reflected signatures between the two cylinders

RF is the distance traveled by the radar from its starting

locations. The vertical axis is the received voltage
level measured in decibels. Ship's center is located
at RF=12O length units. Ship dimensions are: A1=5,
BI=25, A2=4, B2=20 length units. Two cylinders'
heights are ZCY=24.36, ZCY2=33 length units.
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ANTENNAANE A

Fiqure 35. Ship scattering mechanisms for (a) diffracted-
reflected siqnature (b) reflected-diffracted siqnature.

the received field due to these two scattering mechanisms is just
twice the field predicted by either one. In order to calculateI
this term, it is essential that one accurately locate the diffrac-
tion point ( ,) along the bottom cylinder's wedge, and the reflection
point (0 1 on the curved surface of the top cylinder as illustrated
hv Fiqure 37. A numerical search technique is employed again to
find these points. This time not only do the laws of reflection
need to be satisfied, but it is also required to satisfy the law
of diffraction, as given by

I e d e ~o~ 3aJ. • _", = - " 0 = Cos a 0 (39a)
II I lel I dl Iel

I where e and 60 have been defined before in section (111-2) and (Ill-3) with

e -Alsin vi + Bcos v1.
1 Alwhere v1 = tan T tano 1).

The incident vector is given by
I Ixx + I + Iz

=(Alcos v-xo)i + (BIsin v,-yo) r (ZdZo)Z

where (xn, y z ) is the antenna location and z is the height
of the h8ttO cyinder. The diffracted vector ig given by
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Equation (39a) can be rearranged to give

,,(v.vz > = r e - - (40)

and Equation (39b) can be separated into two equations (as in Eq-
uations (33a) and (33b)) in the form

f9 (vj,v 2) = (n~~ ( +( nR)nD- ).0

(41)

f,,(V,,V,,, (n xD +n yD y)R 2+(n R +n YR )D =0 (4?)

The me~thod of Taylor Series expansion, as described in Section V-
A, can aqain he applied here to Equations (41), (49) and (43) to
form the search equation qiven hy

Sv? = rjav af?/av? 0 B

Szr f 3/v 1 f 3/3V2  af 3/aZr C

where AF --f1  - Mf 1o o z

BF ~ ~ -=- -f -'f szf2 ao 0 ay 00

of 01

CF~- = &foM.W_!
o X ayo 0  o 0

The new diffraction and reflection points are then given by

vnew -old +&

new old
V, V +

7 new 1old +
r rr

16



One sees that Equation (43) implies that, as the antenna moves
by an incremental distance of (6x ,6ySz ), the diffraction point
moves by an incremental amount Sv' and thg reflection point by in-
crements of sv and 6zr . The rig t hand side of Equation (43) is
not only a fungtion of the change in antenna position but is also
a function of the previous locations of (si), (t9,z, )and (x ,y^,z^).
Therefore, there still remains the task of findihg the initil ca -
tering points (v ) and (v,,z ) so that the search equation can beqin
to generate the hew point;. Consequently, one must start with the
antenna at such a position that the scatterinq points can be easily
found. For example, the antenna can be initially located in the
x-z plane as illgstrated in Figure 37, and one can immediately see
that vi = v9 = 0 . The reflection point zr can also he easily cal-
culated and'is qiven h v

- Al - A?
r Z XA+AI-P'AP ZA

where all the parameters are defined in Figure 37.

SIDE VIEW

Z ANTENNA

TOP VIEW IMAGEe%. AZA

XAA

ANTENNAI'' .1- At A -  
P

Figure 37. Configuration of the initial scattering points
for the search equation.

At any location along the trajectory, once the scattering points

are found hy the numerical search technique, the diffracted and
reflected fields can he obtained by Equations (12) and (1), respec-
tively. Figure 3 shows the diffracted-reflected fields plotted
against the incremental distance traveled by the antenna for three
different antenna approach angles. The geometrical configuration
used for these plots is illustrated in Figure 33. The general shapes
of these plots are very similar to those obtained for the corner
reflected field given in the previous section. This is expected,
since the antenna provides a concentrated beam pattern and the size
of the two elliptic cylinders are very much the same, thereby causinqi
the scattering points of the two scattering mechanisms to be located
close to each other. The amplitude of the diffracted-reflected
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[Figure 38. Diffracted-reflected fields between two elliptic
cylinders. RF is the distance traveled by the radar from

its starting location. Ship's center is located at
RF=120 length 0units. Antenna-beam depression
angle ATA=60 . Ship dimensions are: A1.=5,Ii 81=25, A2=4, B2=20 length units. Two

cvlinder's heights are ZCY=28.35,

ACY?=33 length units.
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field is lower than that of the corner reflected field because in
general a diffracted field is lower than a pure reflected field.

Figure 3Q shows another diffracted-reflected mechanism that
should be included in the calculation for the total field. This
scatterinq mechanism, depending on the geometry of the two elliptic
cylinders, has the possibility of producing fields of about the
same magnitude as those shown for Figure 3q. The reflected field
from the flat top (deck) of the bottom cylinder can be easily cal-
culated by using image theory, and the diffracted field off the
top cylinder's curved wedge can again be calculated by Equation
(12). It can be shown that, for the same antenna location, the
diffraction poifnt on the top cylinder's curved wedge has the same
angular position - b as that obtained for the corner reflected field

-shown in Figure 32. For the scattering geometry shown in Figure
39, the field versus the distance increments traveled by the antenna
is shown in Figure 40. Since for the particular dimensions used
here the top cylinder is too high for the narrow antenna beam to
cover the diffraction and reflection points at the same instant,
the field has relatively low amplitude. When the height of the
top cylinder is reduced from 33 length units to 26 length units,
the field is calculated again and is shown in Figure 41. This time
the field has a much higher level and is comparable to that of Fig-
ure 38.

ANTENNA

Ai
ZCY2 33

ZCY= 24.36

I MAGE

Figure 39. Diffracted-reflected field configuration.
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Up to now, all the significant scattering mechanisms for the
ship and the sea have been calculated seperately; in the next chapter
the solutions will be combined to form the total received field.

R F
0 24 48 72 96 120

0'- a a -A I I a I a I a a I I I I a I

-20- SAN a0*
-*SAN a 45

-- - -SAN a 90 j

-40I

dB I ! 1
-60 1!

-80 I

-120 I

Fioure 4n. The diffracted-reflected field between two elliptic
cylinders for the geometry shown in Figure 10 7CY=74.16,
ACY9=11. Antenna depression anqle=sn . Ship's center isIi located at RF=190 lpnoth units. Ship's dimensions are

Al=r%, B1=Pr, A?=A, B79 units.
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Figure 41. The diffracted-reflected field between two elliptic
cylinders for the geometry shown in Figure 3Q. 0 ZCY=24.36
ZCY?=26. Antenna beam depression angle = 60 .Ship's

dimensions are A1=5, B1=25, A2=4, B2=20 units.
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CHAPTER VII
COMBINED SOLUTIONS WITH A CONICAL SHIP HULL

AND DIFFERENT ANTENNA PATTERNS

Thus far the basic scattering mechanisms of the ship and sea
have been analyzed individually, and it has been found that there
are three dominant scattered signatures from the ship-sea model.
It is worthwhile, at this point, to briefly summarize them as fol- H
lows: *

1. Backsrattered siqnatures from the sea surface: Both the
gravity waves and capillary waves may contribute signifi-
cantly to the backscattered signature.

2. Double-bounce signature between the ship and sea: The
forward scattered (bistatic) signature from the sea sur-
face is predominantly governed by the scattering from
gravity waves. The reflected field from the ship's hull
(elliptic cylinder) is calculated from Equation (1).

3. Ship scattered signatures: There are two major contribu-
tions from the two-elliptic cylinders. These are the
corner reflected and diffracted-reflected signatures.

By summing the above signatures or simply by adding together
the signatures (with proper phase addition) in Figures ?6 through
IR with those in Figures 34, 38 and 40, one obtains the total re-
ceived fields produced by the ship-sea model, which are illustrated
in Figures A?, 41 and 44. The geometrical configuration of the
ship and the ant 8nna trajectory is shown in Figure 11. For broadside
inciden,-, fSAH=n ), the sionature as shown in Fioure 4? has a very
strong ship-scattered term which is about 30 dB above the average
spa ciutter signal. For the same trajectory incident angle, the
ship-sea double-bounce signal (which occurs at an earlier time than
the ship scattered signal) has a peak level of about 10 dB aboer
the sea clutter. When the antenna has an approach angle of 45
as shown in Figure 43, the ship scattered and ship-sea double-bounce
signals have both disappeared into the sea clutter signal. For
the head-on (SAH=900 ) signature as shown in Figure 44, the ship
scattered signal has again become very strong, but the ship-sea
double bounce signal is barely detectable, being only a few decibels
above the sea clutter. Since all the above behavior has been in-
terpreted previously in section (V-D) and (VI-A), no further com-
ment is required here.

In this chapter we consider a further elaboration of the ship

model in which the hull structure is modified from an elliptic cy-
linder to the physically more realistic shape of an elliptic cone.
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Figure 4?. Total received field calculated when ship is
represented by two elliptic cylinders. Geometry for the

ship and antenna trajectory is shown in Figure 1O .

A1=5, 081=?S, A?=4, B?=2O, Al'A=F0 0, AT=)0, 7F=40.5,
SAH=O . Ship's center is locatod at RF=12O lenqth

units with RF being the distance traveled by the
antenna from its startinq location.
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1. Figure 43. Ship-sea scattered signature for the same geometrical
configuration as that for Figure 42 except that SAH=45.
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In this form, the model is versatile enough to simulate the major
scattering contributors of wide variety of ships. In addition,
we wish to use a different antenna radiating characteristic so that
the effect of antenna pattern on the signatures can also be studied.
The geometrical configuration of the antenna trajectory and the
new ship model resulting from the modification of the hull struc-
ture is shown in Figure 45. It is clear that the only scattered
signal to be re-calculated due to this modification is the double
bounce ship-sea interaction term. Consequently the numerical search
technique for finding the reflection points must be modified and
the GTD calculation for the reflected field from an elliptic cone
must be obtained.

It is interesting to see first how the numerical search technique
for an elliptic cone differs from that for an elliptic cylinder.
For a qeneral elliptic cone as shown i qFigure 46, the locus of
its surface is described by the vector

AA A

= (z+k)tanolcos v x + (z+k)tanO sin v y + z z (44)

where v is related to the € angle in the x-y plane measured counter-
clockwise from the x-axis; e1, 0. and k are illustrated in Figure
46. (Note that 0, and 0 arl diiferent from those used in previous
chapters and k is not thg electromagnetic wave number).

The two principal tangents on the surface are, with i defined
in Equation (44),

rz -5-z = tanx1cos v x + tanO2 sin v y + z (45a)

= r= -(z+k)tanO1cosv x + (z+k)tane2 sin v y (45b)rv a-v-2

The normal to the surface is

n=r v xr = n x + nyy + nzZ

= tane2cosv x + tanelsinv y - taneltane2z (46)

The source location is on the surface of the sea and can be
denoted by (x v ). The observation point at the receiver is located
at (Xoyozo). 'therefore, the incident vector can be given by

I A A

[(zR+ktnco v-xlx+y
[(Z R+k)tanelcos v-x S]+ ZR+k)tane?sin v- y + zR z,

(47)
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Figure 45. Geometrical configuration of the ship and antenna
trajectory. The ship's hull is an elliptic cone.

74



A
z

Figure 46. Elliptic cone configuration.

and the reflection vector is given by

-. 1 A A

= [xO-(zR +k)tanelICOS V] x+[yo-(zR+k)tanO 2sin vly+(z0-ZR)z

(48)

where (z RIv) are the height and elliptic parameter, respectively,
defining the reflection point on the elliptic cone. Again it isessential to satisfy the laws of reflection as given by

_U -1

where n n1nIx + n I y+ n I1- 
A A An x I = (nylz-n zI y)x + (nzI -n xI Z)y+(n xI -n yI x)z
A A& Ajjn x R = (n yR Z-n zR y)x + (n zR X-n xR Z)y + (n xR Y-n yR X)z

n .R =n XR + n'R + nzR

Equation (49) can thus be written as

(f )x + (f2), + (f3)
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with

f = (nxRx+nyRy+nzR z)(n yIz-nz y)+(nx I x+ny I y+n zI z)(nyR z-nzR y)0

f2 = (nxRx+nyRy+nzR z)(n zIxnx z)+(nx I x+ny I +nz I z)(nzRx-nxR z)=O

f3 = (nxRx+ny R y+nz R z)(n xIYnyIx )+(nx I x+n yI +nz I z)(nx R y-ny R x)=O

( 0)

After suhstitutinq Equations (46), (47) and (48) into (501, one
finds that fl' f, and f3 are all functions of (v,z) (x v ) and
(x ,y ,z ) with v and zR as the two unknown variables. §ine there
arR tRreR quations with only two unknowns, one need only be con-
cerned with two out of the three equations. However, in order to
ensure that all the aspects of the reflection process have been
considered, it is helpful to combine two of the three equations
(since these are linearly dependent functions). Thus it is arbi-
trarily chosen to have

f =f + f = 0
12 1 20 (51)
f =0
3

Once again, as shown in sections (V-A) and (VI-B), the Taylor Series

expansion can be applied to Equation (51) with the result given
by

112. JZ -1 AF52af1 ff -I6v 12- 12R  AF

i f3 af 36zz 3f 3 --f BF

!fl7 afl? Ifl7 afi? If1

where AF = -f 1> - xs - X S vs  6Y s ax 0 -Xo "- -Yo -- @z---O-- z0

BF= f3f3 6 f 3 sy f3 6 f 3 Sy fl
BF:~3 - 5"s Xs " TY__ s - ax 0X - 0 -Y " 6zo

Equation (q7) enables one to calculate the shift of the reflection

point (Sv,SzR) resulting from the incremental distance change of
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the source point (6x ,6y ) or the observation point (6x ,yz )
Once again, before e~ploing Equation (52), one needs t fid t e
initial reflection point (v z ) in order to start the search. In
Chapter V, the polynomial tecnique was used to find this initial
point for the elliptic cylinder. In the case of an elliptic cone,

it is found that the polynomial technique is much too complicated
since it involves solving two equations with two unknowns. However,
if one places both observation and source points on the x-axis as
shown in Fiqure 47, it can be immediately determined that angle
v is equal to zero and that the location zR is given by the equation

ZR = (x,-bsinB1cose1 .

A
z

SOURCE AND
,ZR OBSERVATION POINT(v,zR)

14obx1 .,o0.)

Figure 47. Initial location of (vzR) on the elliptic cone for

the numerical search technique.

Once the , reflection point on the elliptic cone has been initialized,
it can be tracked along the surface to that reflection point which

corresponds to the actual locations of the source and observation
points, and thereby the reflected field can also be computed. The

same equations that were used to calculate the reflected field from

an elliptic cylinder can again be used here for the elliptic cone.

The only difference is that one of the principal radii of curvature

of the elliptic cone needs to be re-calculated. The principal radii

of curvature are the surface radii which lie in the principal planes
that contain the vector normal to the surface. In the case of an

elliptic co, one of the principal radii is infinite, and the other
is qiven by
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RG -E+?F(OR / av) + G( aR/ av) 2

where

E r * r

F r r v(54)

here r and i~are the two principal tangents on the surface and
are qi~en by fquation (45),

f r z *n (55)

g rzz n

with
2-1

r

r -z azav

r
zz az2

where r is given by Equation (44).

If at is the incremental distance on the surface in the x-y
Diane, one can show that

9ZR 3ZR at

sinv cosv(tan I1-tan F12

tan Bisin~v+t an C s v+t()1ta? 0( tan 2 sin 2 v+tan 2aCOS 2 V+2)

.Az+k) tano 0 si 22v+(z+k) tan e, Cos v (56)
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After substituting the results from Equations (54), (55) and (56)
into Equation (53), one is able to obtain the radius of curvature
and, in turn, the reflected field from the elliptic cone using Eq-
uation (1). The validation of thit calculated field is done by
an experimental comparison as shown in Appendix D. A number of
siqnatures for the geometry illustrated in Figure 45 have been com-
puted and are shown in Figures 4Q, 50 and 51. All the dominant
scattering mechanisms are included. It appears that no significant
difference exists between the signatures for the elliptic cylinder
and those for the elliptic cone.

One additional feature, besides the effects of the modified
hull structure, that can be observed in these plots is that the
ocean backscattered signature has been programmed beyond the ship's
center. In other words, in the previous plots, all the signatures
were calculate for an antenna position that starts at 120 length
units from the ship's center and ends at the center of the ship.
(However the sea scattered contribution was calculated only from
the sub-areas in front of the ship.) Now, for the sake of complete-
ness, the antenna starts to collect signature when it is 100 units
from the ship's center and finishes it at 20 units beyond the ship's
center, with backscattered contribution from the sub-areas that
are behind the ship (see Figure 48).

ANTENNA ANTENNA

TRAJECTORY

Figure 48. Configuration for sea scattered signature
collected beyond the ship.

79

il
4t



20-

RF
24 48 72, 96 120

20-

SEA CLUTTER SIGNAL SHIP -SEA SEA CLUTTER
dB DOUBLE- BOUNCE

SIGNAL

DOMINATES

I

- SHIP SCATTERED
SIGNAL

_80-

Figure 49. Total scattered signature for the ship with a conical
hull. Signature, is collected beyond the ship. Gecrtrical

configuration is shown in Figure 45 withe4. an
0 =22.30. Antenna approach agle SAH=O . Antenna

.eam depression angle ATA=60 . Ship's center is
located at RF=-4O length units with RF being the

distance traveled by the antenna from its starting
location. Ship's dimensions are: A1=5, B1=25, A2=4,

B2=20, ZCY=24.36, ZCY?=33 length units.
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Figure 50. Total scattered signature for the ship with a conical
hull1. Same qeometrical configuration as that for Figure 49

except the antenna approach angle SAH=450.
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Figure 51. Total scattered signature for the ship with a conical
hull. Same geometrical configuration as that for Figure 49

except the antenna approach angle SAH=900 .
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The antenna pattern can also play on important role in the
form of the signature. Previously, the antenna pattern used was
a lr-degree pencil beam, thus confininq all the significant scat-
tered power to he returned from only the small area illuminated
by the narrow beam. It is interesting to see how the signatures
change when a qreatly broadened antenna beam is used. The new antenna
radiating characteristic, as shown in Figure 52, has also a 15-degree
Gaussian beam but it is transmitted conically around the antenna's
trajectory. Thus looking down onto the ocean surface, the illu-
minated area has been greatly increased transverse to the trajectory
direction. The analysis for the antenna radiation pattern must
now be correspondingly changed.

A
ANTENNA T

' ANTENNA

TRAJECTORY

\ .I A BEAM AXIS

. 15 0

Figure 52. Conical antenna pattern.

If one denotes I to be the arbitrary incident unit vector and
T to he the antenna trajectory direction, then the pattern angle
0 from the trajectory direction is

6 = arccos(I • T) (57)

If ATA is the pattern cone half angle, then the far field pattern
is assumed to have the form

- Ika cos(O-ATA) l
2

E(0) = J Joa2 e-kr e 41 (58)

where "a" determines the beamwidth of the pattern, and J0a
2 =1 is

assumed in the computation.
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When the elliptic-cone ship model is traversed with the new hollow-
cone antenna pattern, one obtains the total ship-sea scattered sig-
naturs shown in Fiqures S3, 54 and 55 for a cone half angle (ATA)
of 60 . Signatures for the cone half angle of 100 are shown in
Figures 56, 57 and 58. When comparing these signatures with those
previously obtained for the antenna with a pencil beam, one signi-
ficant difference can be observed. That is, when the pencil beam
is used, the ship can not be detected for approach angles in the
vicinity of 450; however, when the hollow-cone pattern is used,
the ship contributes an observable backscattered signal no matter
what may bg the antenna approach angle. This is true for both the
30 and 60 cone half angles. Apparently, the beam is broad enough
to pick up the major specular points on the ship even though it
is not normally incident. Another noticeable difference is that
the sea clutter signal for the conical antenna pattern is higher
than that for the pencil beam pattern. This is true because more
of the sea surface is being illuminated by the broadened antenna
pattern. An additional anticipated feature observed in these plots
is that when the cone half angle is in , the ship and ship-sea scat-
tered signal occur much earlier than for the 60u cone half angle.
This is hecause the mainoantenna beam reaches the ship much earlier
when the anqle ATA is 30 . The sea b8ck-scattered signal is sub-
stantially lower when angle ATA is 30 , not only because the ef-
fective range has been increased but also because, at this angle,
the hackscattering cross section of the ocean decreases as the angle
of incidence (from vertical) increases, particularly for horizontal
polarization. The signatures illustrated in Figures 53 through
q8 are for vertical polarization; keeping the same geometrical con-
figurations, the signatures for horizontal polarization are illus-
trated in Figures 5q through 64.

Before concluding the analysis on the simplified ship-sea model,
it is appropriate to repeat the calculation with a model that closely
resembles a real ship. The ship U. S. S. Missouri is chosen, and
a model of it is shown in Figure 65a. The simplified model with
corresponding dimensions is illustrated in Figure 65b. The calcu-
lated signatures for this model with the same trajectory and geo-
metrical configuration as that illustrated in Figure 45 are shown
in Figures 66 through 71. The trajectory altitude is 200 length
units, and the hollow cone antenna pattern is used. The signature
sampling increment along the trajectory is 3 length units, and each
sub-area of the sea surface has a width of 6 length units. The
number of sub-areas is 21 by 13 with 21 sub-areas located transverse
to the trajectory direction. With pattern cone half-angle of 60
the three different signatures in Figures 66 through 68 correspond
to three different antenna approach angles. The signatures in Fig-
ures 69 thr8 ugh 71 represent the signatures for pattern cone half
angle of 30 . The starting location (SRF) of the radar from the
center of the ship has to vary drastically from one antenna approach
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angle to another. This is causod by the substantial size difference
between the top and bottom c'vlin ers. For example, when the antenna
has a broadside incidence (SAH=O , the ship-scattered and the ship-
sea double-bounce signatures are very close to each 8 ther in space;
however, when the antenna approaches head-on (SAH=90 ), the above
two signatures are very far apart. Thus, in order to show both
signatures on a single run, both the antenna starting location and
the distance it travels need to vary depending on the antenna ap-
proach angle. It can be seen that the ship scattered signatures
are easily detectable, independent of the antenna approach angle
or the pattern cone half angle. The ship-sea double-bounce signa-
ture, however, is only detectable when the antenna approaches from
broadside. This characteristic so far has not varied for any of
the models that have been used in this report. It should be pointed
out that the scattered signatures due to the ship alone is believed
to be a very crude approximation to the real scattered signature.
This is based on the fact that there are many substructures on the
ship that can scatter energy. Figure 7? demonstrates that, to im-
prove the simplified U. S. S. Missouri Model, several objects such
as blocks, cylinders and plates should be added onto the decks of
the ship. The GTD technique can still he effectively apnlied to
find the scattering from such a complicated ship structure at the
cost of some extra complexity in the computer program.

In actuality, the ship contribution to the siqnature from either
the more complex model, or the real ship, will he considerably dif-
ferent in duration, magnitude, and structure from those shown in
the nrecedinq figures. Our modelling of the hull and sea surface
is a reasonably good approximation to the real situation, and it
may be expected that the clutter and double bounce signatures will
he quite similar to those obtained here. It is most unlikely how-
ever that a real ship would exhibit the long expanse of unbroken
deck and cabin wall needed to form the continuous corner reflector
which is the major contributor to a ship signature. Instead, the
corner would be broken up by obstructions and augmented by reflec-
tions from other structures, producing an irregular signature of
somewhat longer duration (especially for a bow or stern approach).
It is probable, however, that the real ship signature would not
ever be significantly larger in magnitude than the largest signa-
tures shown here, because single, double or triple bounce reflected
fields are all essentially image fields. In any event, no attempt
should be made to evaluate system performance on the basis of the
signatures in this report, because of the misleading simplicity
of the ship-alone component.
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Figure 6S~. Actual model and simplified model of ship
U.S.S. Missouri. All dimensions are in length units.
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Figure 66. Ship-sea scattered signature from the simpligied
U.S.S. Missouri model. Pattegn cone half angle ATA=60

Antenna approach angle SAH=O . RF is the distance be-
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Ship's dimensions are shown in Figure 65.
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Ship's dimensions are shown in Figure 65.
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Figure 72. Improved U.S.S. Missouri model.

105



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

The objective of this research has heen to develop a simple

model for the interaction between a radar system and a ship at sea
which is adaptable to short ranqe encounters, and which can he easily
elaborated to handle fairly complex ship structures. In the most
qeneral form considered in this report, the superstructure of the
ship is modelled by an elliptic cylinder, and the hull is modelled
by a portion of an elliptic cone. The sea is modelled by an array
of rectangular patches, each characterized by a polarization depen-
dent bistatic radar cross-section. The radar system response is
represented by an encounter signature, i.e., by the detector voltage
as a function of the radar position. The total signature is then
found from the (phasor) sum of the contributions from each of the
dominant scattering mechanisms. These are the clutter (back-scat-
tered) signal from the sea alone; the reflected and diffracted fields
from the ship structure alone; and the double-bounce contribution
produced by the fields scattered by the ocean surface onto the ship
structure and then back to the radar system (or vice versa).

The fields scattered by the various component parts of the
ship are calculated by the Geometrical Theory of Diffraction (GTD),
combined with a very fast numerical search technique which was de-
veloped to track the reflection and diffraction points on the ship's
structure.

From the perspective afforded by the detailed study of the
computational procedures described in the preceding chapters, the
advantaqes of this particular ship-sea model should he readily ap-
parent. In the first place, since the GTD assigns a definite ray
path to each contribution to the total signature, it is relatively
simple to adapt the model to a variety of features found in oper-
atinq radar systems, e.g., range gates, doppler filters, pulse-to-
pulse frequency aqility, etc. Secondly, because the total scattered
field from each patch is radiated from the center of the patch,
the location of which is known, only one point (that on the ship's
surface) must he located to define the ray path. Since a large
number of paths must be computed (one for each patch at each position
of the radar), this feature of the model greatly reduces the overall
computation time compared to any model in which two unknown reflec-
tion points per path must be tracked. Thirdly, since the actual
bistatic scattering cross-section of the ocean is used to determine
the strength of the field scattered by each patch, both the clutter
signature and the double bounce signature should have the same stat-
istical properties (average power, correlation function, spectrum,
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first probability distribution) as do the actual signatures. Thus,
one may use the model signatures to evaluate, for example, proposed
antenna patterns, detection characteristics, transmitted signal
designs, polarization diversity schemes, etc. For example, even
though the random clutter signal may occasionally attain large values,
i.e., in relation to the ship return, it could be distinguished
from the ship return by the fact that it can sustain large values
only for very short durations.

Although only relatively few signatures were actually calcu-
lated in preparing this report, one can already observe a variety
of signature characteristics which may be of value in future system
design. For example, it is clear that the "double-bounce" contri-
bution may be significantly larger than the clutter, particularly
at broadside and bow or stern aspects, and that the early position
of its maximum response is determined by the waterline and hull
rather than the superstructure details. On the other hand, (for
pencil beam antennas) there are aspects near 450 for which neither
the double-bounce nor the ship signature is detectable in the clut-
ter. When a hollow cone antenna pattern was used, the presence
of the ship was always detectable even though the clutter level
was higher. However, in this case one could observe either a single
peak or a double-peak in the overall signature depending again on
the aspect angle of the trajectory. As mentioned on paqe 85, how-
ever, one should not use the signatures of the type developed in this
report to evaluate system performance, because of the extreme sim-
plicity of modelling the superstructure.

On the basis of these brief observations, and the other
results and the signatures of Chapter VII, it may be concluded that
the simple ship-sea scattering model developed here offers a con-
venient method for estimating the performance of a radar system
traversing a ship at sea. It should be useful to the system de-
signer in evaluating the effects of such system parameters as an-
tenna pattern, polarization, radar trajectory, range gate, detection
criteria, etc., when the modelling of the superstructure has been
augmented by appropriate forms (plates, cones, cylinders, blocks,
etc.) all of which can be handled by the technique of the GTD im-
plemented here. In addition, the sea surface model can be elab-
orated to include non-random components (e.g., the bow-wave struc-
ture always associated with ships in motion, which may be the domi-
nant surface disturbance in smooth water). Alternatively, one could
use measured signatures from an isolated model of the ship, in con-
junction with computed signatures for the clutter and double bounce
contributions to obtain an overall signature.
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APPENDIX A
PENCIL BEAM RADIATION FROM A RECTANGULAR APERTURE

An antenna with the rectanqular aperture and coord'inate sys-
temt showyin Fiqure 71, emits a radijated far zone electric field
aiven hyv

LiP WIP
EA iL0~ e- kr f f [sine 3 (xs z')-cos~cos~b J (X.' .)

-L/2 -W/2 x

eJk(x'sinecos~b+z'cose) dx' dz' (59)

r LI? W12 (x Jsek(Xincos +z'cose)E e-J sin~ f f j3 'z)
-L/2 -W/2 J dx'dzl

(60)

when the origin of the coordinates is taken at the center of theaperture, and the spherical coordinate system for the radiated field
is as shown.

z

P( XK,Z)

Figure 73. Source co rat syem
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Since the assumed antenna current dist~bution is Gaussian,
the z-ciirected aperture current is given by-

2 fx 'z' 0 je c a e- r z'/a) (67

where a is a constant parameter that determines the beaniwidth and
has units of length. J is a reference surface current density in
units of amneres per meder. Since the Gaussian source function is
diminishingly small outside the limits of integration, the inte-
grals can be approximated by letting the limits go to infinity,
with the result that (ka case) 2  (ka sinecos4, 2

Ja 2e- kr sin6 e 47ie 41

ir- j J0a 2 e- kr sinO e-'! (Cos @+sin ecos? P) (62)

E 0.

Similarly, f or an x-directed Gaussian aperture current, the elec-

tric fields are given by

E,=Z r'Ja e- jkr cosqco&O e 7AL cs27ineos1 (63)

- ka) (cos2s+sin 2?()Os 2(b

F~ ~ir a e- sin4b e

Since the antenna generates a narrow broadside (0=000, d'=00O) beam,
and coso cosdb is vanishincily small near the broadside direction,
Eis negligible for the x polarized source distribution.

To conclude, the fields that are incident upon the sea surface/
and the ship are given by Equations (6P) and (64) for a vertically
(J ) and horizontally (J )polarized antenna, respectiv~ly. In
thi report, all the abovA calculations have assumed ~J a=1 ampere-
meter.
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APPFNDIX B

BISTATIC SCATTERING MATRIX ELEMENTS
(slightly rough surface)

The histatic scattering matrix elements for a slightly rough
surface with homogeneous dielectric material are given by

(cr-l)cos~s

Q hh r ")cos J (65a)
(coso i+j Cr- sin 2 0i)(CoSs +j Er- sin? S )

r- 1 Tr -sin' s
Qvh : sln&s s (65h)

•c s i ] r _~r S i n ' i ( r C ° o s n _ + Er -s i n s

lr1sin'Oi%o

Q hv = sin s r -sin (65c)
( ir O llnOi )IcOSs+jer-SlIn?Os)

(Cr-I M(erS inO i sin s-COS Cr
- sin ? i Jer--sin?Os) (6sd)

(Crcosoi+ WsnOi)(c cosOs+Jcrsins

In the above expressions, c the relative permittivity, may be
either real or complex (indicating lossless or lossy material),
and may be either greater, equal to, or less than unity in magni-
tude. The angles n P and t are defined in Figure 8. The first
index n of n E is te s~attere polarization state and the second
index c is t e incident polarization state. For a perfect conduct-
inq surface cr
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APPENDIX C
BISTATIC SPECULAR REFLECTION COEFFICIENTS

(very rough surface)

The specular reflection2 oefficients for a surface with larqe
scale roughness are given by

Rh= sinEsine sin sS R,,()+a 2a3R ( ) (6a)
hh 4 sin 2 W cos (v)

R -simb a~sinns R,,N) -a1s ins iR AN (6!1

Rvh 5 -sines  ' ' c 9 (v)4 sin (V)cos) !

a? sine s R A(vl-asinAiR,(v)

R hv -sin~ts  . .. ... (660
4 sin (N)cos N1

sine sine sin 4S R4 (v)+a 2al R,.(\)

- 4 sin N) cos (v)

where

a2 =cosoisins+inOicososcos~s

a I sinOicoses+coSOislnescOSCs

The quantities R,,(v) and R1(v) are the Fresnel reflection coeffi-
cients defined as

rrCOSv jr-sin v
r ,(vr (67a)
r
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R'()acosv - ]Or-sinv (7b
R,(v) cOS - rSflV(67b)

cosv + I r- sin2 V

where v is the local angle of incidence at the specular reflecting
facets, and is given by

cos2V 1 (1-sineisinOsCOs +coseicose) (68)

with , A and € defined in Fiqure R. Note that special
care ilgreauired in evaluating these coefficients in the back-scat-
terinq direction. For this reason, a somewhat different procedure
for evaluatinq these coefficients are used in the computer programs
in this report.
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APPENDIX 0
COMPARISON OF THE MEASURED AND CALCULATED FIELDS SCATTERED

BY A CIRCULAR CONE

In order to validate the calculation for the reflected field
from an elliptic cone, the most appropriate verification is to com-
pare the results with experimental measurements, since neither cal-
culated nor measured results are available in the standard literature.
However, hecause the elliptic cone is very difficult to fabricate,
the experimental data reported here, and consequently the theoreti-
cal solution derived in this appendix, is restricted to the case
of the circular cone. The experimental results were obtained hy
Dr. Edward Pelton in the ESL (ElectroScience Laboratory) microwave
anechoic chamber usinq S-hand setups. The field scattered by the
circular cone is received by a rectangular horn antenna and detected
hy a Scientific Atlanta receiver.

The experimental configuration of the circular cone is illus-
trated in Figure 74. A half-wave dipole which is located in the
near zone of the cone illuminates the cone with either vertical
or horizontal polarization, and the near-zone field is measured
azimuthally around the cone. Since the measured result includes
not only the reflected field but also the incident field plus the
surface diffracted creeping wave, it is essential to calculate all
these fields in order to have an adequate comparison. The reflected
field in the deep lit region (away frn the shadow boundary) is
calculated by the same Geometrical Optics technique that is employed
for calculating the field reflected from the ship's hull. The re-
flected field near the shadow boundary (transition region) and the
surface diffracted creeping wave are both jlculated by the uniform
GTD method using the formulation of Pathak '

.

Refore calculating the creeping wave field it is essential
to accurately locate the geodesic ray path for each creeping wave
on the conical surface. The geodesic curve on a surface is the
shortest path between two points. For given locations of the source
X z I and observation point (x y z ), the qeodesic ray path

on a 6irular cone can he found as FoIowR:

Let the incident and the outgoing vector tangent points be denoted
hy I and 0,, respectively, as illustrated in Figure 75, with

plcos vI x + plsin vy + 01cot%

Pcos vx + p 2sin vy + p2coto z (6q)
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PERSPECTIVE VIEW:
z

FIELD POINT

DIPOLE
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Figure 74. Geometry and scattering mechanisms
for the circular cone.
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7s - cotfxsCos V1+.Vssin vi) - 0. (7)

At the outgoing tangent point one should have

R~ . N2R.N =0

which yields the equation

zc - cot 0o(X Cos v2 + ys sin v2) 7 0. (73)

Equations (72) and (73) allow one to solve for the angular positions
v and v2 independent of the distances p, and p2' which can be de-
tirmined by the following method.

If a circular cone is cut open along a generating line and
is un-rolled onto a flat surface, one obtains the so-called developed
surface, which is illustrated in Figure 76. The distances from
the tip of the cone to the source and observation points are given
by

t Xs+ Y?+Z7

y s zs

0 SOURCE POINT

OSERVATION POINT rSXo, y,,Zo) A

ORIGIN .,

Fiqure 76. Developed cone surface.
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and

t x z 2 + Y2+ Z2

respectively, with unit direction vectors given by

= (Xsx + ysy + s/I

z2 (xox + yoy + zoz) /t2

The generating lines for the cone at the two tangent points are
described by the following unit vectors

r= Cos v 1 sine 0x+siv no + coe

r?2 = Cos v? siex + sin v 2 sine 0y + cose Z.

The angles 01, 81~, 0,, as shown in Figure 76, are given by

0= (V -Vl)sine

Al= arccos(t1 or 1)

9= arccos(t 2 r,

Thus, the ray-path distance between the source and observation points
is

s = t+ f 2t1 it? cos(RI+fve + 1)]P, (74)

and the angles a and o2, as illustrated in the same figure, are
given by

=2 22c1 arccos[(ti+s -t2)/2ts]

(75)

Finally, p1 and p2 can be obtained from

Ssina, sin

L ~sin(c +Y, si
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After ohtaininq the locations of the two tangent points (01 Vl
anti (,v I one is a to solve for the constants c, and c? inthe ede cequatiton-

Pi a C1sec[(v ic.,)sino] • (76)

The surface diffracted field of the creep;gg wave (see Figure
'7) has been derived by Pathak and is given by"

... . O--- .. -o - e Jksd(p) , fi(o .Y^bs+n n 0h -_. 7s e's (77)

k .S A Awhe re aInd h.1) are the hinormal unit vectors (b,-txn,, 1,tnl,
and F )Q ) is the arbitrary polarized incident e d t pbn 0;,

(in (in is the rav spreading factor

C is the radius of the spherical wave front at Q, and is given
yhv -c-sl+t with t beinq the geodesic path lenth. "

b nQ

PP

Figure 77. Configuration of surface diffracted
creep ing wave.
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The diffraction coefficient D and 0 for the soft and hard boundaryconditions, respectively, are given Ay

D s 1 )m(O' e-skjt/. _ -F(xS h 4s ( 7P)
h h

- where

Sm(Q =1 13

and 3

c1 Co@0 Cswi

I. where w = W -

is the equation for the radius of curvature of the geodesic ray

path and is obtained in a fashion similar to Equation (53). The
constant c is the same cpnstant as that shown in Equation (76).
The distanle parameter ( ) from Q, to Q2 is defined by

s ? m t- dt-

L For a circular cone, Cs is

F S = kplsinQ) 1/1 Iv -v cos 9 /3 (70)

where = arcsin slno sinI(v?v )sineoI".

The function F(xs) is formulated in terms of the Fresnel integral,

F(xs) - 2Jjx s eIxS f e'2 dT (80)

where XS

xs  ks's [Es]
i+-; 2m(Q1)m( 42)



The function Ps(E s) is the Pekeris' caret function and is identical
h

to the definitions of Logan24 and Pathak73.

The qeometrical optics field will not blend accurately with
the field in the shadow region unless the geometrical reflected
field is modified in the transition region according to (see Fig-
ure 781

r r
2(Q _R_ 

e-jks

1 1.

where +1
iB1  PI

2 2

with p, being the principal radii of curvature of the reflected

wavefr~nt at the reflection point Q for a plane wave incidence,
and s' being the distance between the source point and OR

Figure 78. Configuration of curved surface reflection. .I

The dyadic reflection coefficient is given by

A A A

R~~~~ Rs;; ^

R=R e~e+ Rh er
h e,

I j



I

!3
where R1 [1-F(x+ P^1(4LI h

h
with ks's cos281

Et= -.?m h1/
3  cosi-

where m hcos

Here p (Q ) is the radius of curvature of the surface at Q in the
plane 8f §ncidence; whereas, Ptn(QR) is the radius of the surface
in the orthogonal plane.

The reflected field from the circular cone is calculated by
Equation (81) if the field point is close to the shadow boundary
or by Equation (1) if the field point is in the deep lit region.
The total field is then composed of the incident field and the re-
flected field plus the surface diffracted creeping wave calculated
by Equation (77). The comparison between this calculated total field
and the measured result from the geometry given in Figure 74 is
shown in Figure 79. It can be seen that excellent agreement is
obtained between the GTD analysis and the measurement. Consequently,
one can conclude that the reflected field from the elliptic-cone
shaped ship hull has been correctly calculated.
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